Abstract: Erosion in river bends causes loss of agricultural lands, adjacent facilities, and fish habitat. W-weir structures are recommended for controlling and reducing soil erosion as well as developing habitat for fish and other aquatic organisms. This paper presents the results of an experimental study carried out to investigate the effect of a W-weir structure on a sinusoidal channel with a sinuosity of 1.12 on the scour volume and type. The W-weir was applied in three heights (0.5, 1, and 1.5) with H o /h ratio (the height of weir to flow depth ratio) and different hydraulic conditions (inflow Froude numbers 0.107, 0.142, and 0.178) tested for each structure. Bed topography was measured at the end of each experiment, and from that the types of scouring, maximum scour depth and length, as well as maximum ripple height and length were computed. Furthermore, by decreasing the height of W-weir from H o /h = 1.5 to H o /h = 0.5, the scour volume decreased from 24 to 78 percent on average for different inflow Froude numbers. The angle of inner arms of W-weir was chosen as 50 • , 64 • , 86 • , and 124 • . Minimum scour volume occurred in the angle of inner arms of w-weir 64 • for different heights of W-weir tested. Finally, two scour morphologies were observed. This study provides insights to guide and design W-weir structures for river restoration projects.
Introduction
Rivers are significant components of ecosystems which are necessary elements in the generation, formation, evolution, and development of civilizations. Different methods can be applied to protect the river from erosion. These methods can be direct or indirect. Direct and indirect procedures are utilized for controlling and reducing the erosion in riverine environments and preclude lateral migration. Examples of direct methods are establishing covers, retaining walls, vegetation, etc. Indirect methods are focused on the modification of the flow patterns, the reduction of flow velocity at banks, or the deviation of flow direction from the bank toward the river. Submerged vanes, spur dikes, bend-way weirs, and other in-stream structures might be utilized in this regard [1] .
Water level rises and hydrostatic pressure increases in river bends. If the flow has a non-uniform velocity, the pressure gradient is insufficient for the faster-moving particles and more than sufficient for the slower ones. The water level decreases at the inner bank of a bend in the river, which creates a rotational flow. A secondary flow is therefore formed, with the faster fluid moving to the outside of the bend and the slower fluid to the inside of the bend [2] . Natural meandering rivers are quite unstable due to bank erosion downstream of concave banks. Deeper flows are prevalent in bend and higher velocities along the outer concave banks. The flow depth at crossings is relatively shallow compared to outer bank toward the middle of the flume. Pagliara and Kurdistani [23] studied scour phenomena downstream of wooden stream restoration structures. They found that using log-frame deflectors instead of log deflectors resulted in a better riverbank protection. Pagliara et al. [24] investigated scour phenomenon downstream of block ramps. They showed that the decrease of the curvature radius caused a three-dimensional (3D) equilibrium scour morphology. Kurdistani and Pagliara [25] studied the scour phenomena and bed morphologies downstream of cross-vane structures installed in a curved channel. Based on dimensional analysis, empirical equations were developed to predict the maximum scour depth for different combinations of hydraulic conditions, channel bend, structure orientation with respect to the flow direction, and structure geometry. The densimetric Froude number, the drop height, the tailwater, the height of the structure, and the channel curvature were the main parameters affecting the scour size and morphology. Their results indicated that structure orientation had no significant effect on scour depth and length or on ridge height and length. These experimental studies are listed in Table 1 .
Structures are often selected and installed without an understanding of sediment transport and violate the dimension, pattern, and profile of the stable river [1] . This is important to precisely know how the scour morphology around these types of structures changes for different hydraulic conditions and to support designers in selecting the best structure configuration to stabilize the river bed [23] . Only a few types of research have been carried out using W-weir in the sinuous channel to identify the effect of the angle of inner arms on scouring. The aim of this study is to experimentally analyze the scour geometry downstream of W-weirs in a sinuous channel and the effect of the structure height and the angle of inner arms of the W-weir in scouring formation. 
Materials and Methods

Experimental Setup
The experiments were conducted in the hydraulic laboratory of the University of Tabriz in a horizontal rectangular flume with a sinuosity of 1.12, 0.35 m wide, 0.5 m high, and 6.7 m long. The sediment used in the experiments was sand, with a mean diameter of d 50 = 1.2 mm. In all experiments, the sediment size distribution was uniform, with a geometric standard deviation of σ g = 1.21. The flow discharge was measured by an ultrasonic flow meter with an accuracy of ±0.1 L/s. An ultrasonic Data Logic US30 distance measuring sensor with the accuracy of ±0.1 mm was used for recording the water level. Bed topography was measured by a laser distance meter with an accuracy of ±0.1 mm. The W-weir was installed in the flume (W is looking in the downstream direction). The height of the crest of W-weir varied across the section (Figure 1d ). Based on Rosgen [1] , the angle between the outer arms of the crest and the bank were symmetrical in plan and angled upstream at 25 • (Figure 1c ).
All tests were carried out in clear water conditions. The equilibrium phase was attained when the scour dimensions no longer changed significantly. Because the main goal of this study was to compare bed scour pattern for the different inner arm angles and structure heights in different hydraulic conditions, a 3-h time interval was adequate [28] . The flow discharge, Q, was 7.5, 10, and 12.5 L/s with a flow depth, h, at the upstream straight reach of the bend of 0.16 m. Thus, the inflow Froude numbers were 0.107, 0.142, and 0.178, respectively. In the experiments, suggested standards by the previously published literature (e.g., Rosgen [1] and Bhuiyan et al. [17] ) were followed in selecting the W-weir sizes. Figure 1c,d illustrates the W-weir characteristics and sizes. In Figure 1 , the terms H o , H i , θ, and W represent the height of outer arms from sediment bed, the height of the inner arm from sediment bed, the angle between inner arms, and width of the sinuous flume, respectively.
To investigate the effect of the structure height and the effect of the different inner arm angles, two series of experiments were conducted. The first series included tests with three different heights To investigate the effect of the structure height and the effect of the different inner arm angles, two series of experiments were conducted. The first series included tests with three different heights of W-weir (0.24 m, 0.16 m, and 0.08 m), and the second series contained tests with different values of (124°, 86°, 64°, and 50°). All experiments were conducted in different hydraulic conditions (Fr = 0.107, 0.142, and 0.178). All experimental ranges are shown in Table 2 . 
Dimensional Analysis
W-weir scour depth (d s ), length (L s ), and volume of the scour hole (V) can be described by the following set of variables: the structure height (H o ), the angle between the outer arms and the river bank structure (α), the angle of inner arms (θ), the gravitational acceleration (g), the water density (ρ w ), the fluid dynamic viscosity (µ), the flow average velocity (U), the flow average depth (h), the bed material density (ρ s ), and the mean particle diameter (d 50 ). According to introduced variables:
According to the Buckingham π theory, the following dimensionless parameters are achieved:
Reynolds number ρUh/µ is achieved by a combination of (µ/]ρg 0.5 h 1.5 ) and (U/ gh); the approaching flow Reynolds number was measured upstream of the structure and varied 11.2 × 10 3 , 14.74 × 10 3 , and 18.47 × 10 3 , indicating a turbulent flow condition for all tests. Based on Rosgen [1] , the optimized angle was between 20 • to 30 • where lateral arms were linked to the bank, which is the constant value in this study and is equivalent to 25 • , and Equation (2) can be transformed as follows:
In open channel flows, the turbulent boundary layer may be partially-or fully-developed. In steady flows, the boundary shear stress, τ o , and the shear velocity, u * = (τ b /ρ) 0.5 , may be estimated by several methods. Most are based upon a comparison between velocity distribution data on the channel centerline and theoretical profiles [29] . For open channel flows, the boundary shear stress and the shear velocity may be estimated from the mean flow velocity, U = Q/(B * h), and the Darcy-Weisbach friction factor f :
where f is the Darcy friction factor and is defined by the Colebrook-White equation [30] :
Accordingly, the Rouse number on a bed is calculated by the following equation:
where w s is sediment fall velocity and k = 0.4 (Von Karman's constant).
As illustrated in Table 2 , values of the Rouse number greater than about 2.5 lead to a condition of very little or no suspended sediment [31] .
Results and Discussion
Scour Typologies
Bhuiyan et al. [16] and Scurlock et al. [19] presented a unique scour morphology containing two separate scour holes downstream of W-weir structures. According to Pagliara et al. [20] , the height of the structure h st (defined as the average height of the top of the stones over the channel bed); the difference between the water surfaces upstream and downstream of the structure ∆h; and the densimetric Froude numbers F d were used to classify rock W-weir experimental data. They showed that three types of scour morphologies could happen downstream of grade-control structures. Type A morphology is characterized by one scour hole, and two ridges; type B morphology is characterized by two scour holes, and two ridges; and type C has one scour hole only and one ridge. These three types are presented in Figure 2 . During the present experiments with the W-weir, two morphologies were observed-namely, types B and C. Based on this definition, all experimental results are reported in Table 2 .
Results of experimental study indicated that the characteristics of the scour downstream of the structure differ by the variation of the angle of inner arms, the height of the structure, and the flow discharges. where f is the Darcy friction factor and is defined by the Colebrook-White equation [30] :
Results and Discussion
Scour Typologies
Bhuiyan et al. [16] and Scurlock et al. [19] presented a unique scour morphology containing two separate scour holes downstream of W-weir structures. According to Pagliara et al. [20] , the height of the structure hst (defined as the average height of the top of the stones over the channel bed); the difference between the water surfaces upstream and downstream of the structure Δh; and the densimetric Froude numbers Fd were used to classify rock W-weir experimental data. They showed that three types of scour morphologies could happen downstream of grade-control structures. Type A morphology is characterized by one scour hole, and two ridges; type B morphology is characterized by two scour holes, and two ridges; and type C has one scour hole only and one ridge. These three types are presented in Figure 2 . During the present experiments with the W-weir, two morphologies were observed-namely, types B and C. Based on this definition, all experimental results are reported in Table 2 .
Results of experimental study indicated that the characteristics of the scour downstream of the structure differ by the variation of the angle of inner arms, the height of the structure, and the flow discharges. Comparison of the scour type and experimental data show that scour type varies with the weir parameters. Scour type of morphologies and the angle of inner arms of W-weir are presented in Table  2 . With the change in the angle of inner arms from 50° to 64°, 64° to 86°, and 86° to 124°, the center of the weir (Figure 1c [20] reported three types of scour morphologies. This discrepancy can be attributed to the test setup, since in this research the experiments were carried out in a flume with a sinuosity of 1.12, while Pagliara et al. [20] conducted the experiments with rock W-weir structures in a straight flume.
The Effect of the Angle of the Inner Arms of the W-Weir on Sediment Transport
In this study the flume sidewalls were made of plexiglass. In reality, scour in a bend might be reduced or at least the outer-bank profile would be changed due to the contribution of bank erosion products. This shows the effect of the angle of inner arms (θ) on the size of scour. The weir height was kept constant as 0.24 m, 0.16 m, and 0.08 m, so for each weir height, the various angles of the inner arms were tested. The angle of inner arms was chosen according to Table 3 . All experimental data were plotted in a graph θ versus V/ℎ , as shown in Figure 3 . The size of scour increased with increasing angle of inner arms (θ), the size of scour hole was minimum when the inner angle of arms was 64°. By increasing the inflow Froude number, the maximum scour depth increased. Changes of scour downstream were not significant for Run 1 to Run 4. This is close to the higher range of values observed in triangular vanes by Bahrami Yarahmadi and Shafai Bejestan [22] . Comparison of the scour type and experimental data show that scour type varies with the weir parameters. Scour type of morphologies and the angle of inner arms of W-weir are presented in Table 2 . [20] reported three types of scour morphologies. This discrepancy can be attributed to the test setup, since in this research the experiments were carried out in a flume with a sinuosity of 1.12, while Pagliara et al. [20] conducted the experiments with rock W-weir structures in a straight flume.
In this study the flume sidewalls were made of plexiglass. In reality, scour in a bend might be reduced or at least the outer-bank profile would be changed due to the contribution of bank erosion products. This shows the effect of the angle of inner arms (θ) on the size of scour. The weir height was kept constant as 0.24 m, 0.16 m, and 0.08 m, so for each weir height, the various angles of the inner arms were tested. The angle of inner arms was chosen according to Table 3 . All experimental data were plotted in a graph θ versus V/h 3 , as shown in Figure 3 . The size of scour increased with increasing angle of inner arms (θ), the size of scour hole was minimum when the inner angle of arms was 64 • . By increasing the inflow Froude number, the maximum scour depth increased. Changes of scour downstream were not significant for Run 1 to Run 4. This is close to the higher range of values observed in triangular vanes by Bahrami Yarahmadi and Shafai Bejestan [22] .
Visual observations (color injection) indicated that with increasing with inner angle of W-weir, the whole near-outer bank flow deviated toward the flume centerline. This created scour hole and ridge. A change in flow pattern was observed when the angle of the W-weir was increased. By increasing the inflow Froude number, the maximum scour depth increased. inner arms were tested. The angle of inner arms was chosen according to Table 3 . All experimental data were plotted in a graph θ versus V/ℎ , as shown in Figure 3 . The size of scour increased with increasing angle of inner arms (θ), the size of scour hole was minimum when the inner angle of arms was 64°. By increasing the inflow Froude number, the maximum scour depth increased. Changes of scour downstream were not significant for Run 1 to Run 4. This is close to the higher range of values observed in triangular vanes by Bahrami Yarahmadi and Shafai Bejestan [22] . inner arms were tested. The angle of inner arms was chosen according to Table 3 . All experimental data were plotted in a graph θ versus V/ℎ , as shown in Figure 3 . The size of scour increased with increasing angle of inner arms (θ), the size of scour hole was minimum when the inner angle of arms was 64°. By increasing the inflow Froude number, the maximum scour depth increased. Changes of scour downstream were not significant for Run 1 to Run 4. This is close to the higher range of values observed in triangular vanes by Bahrami Yarahmadi and Shafai Bejestan [22] . Visual observations (color injection) indicated that with increasing with inner angle of W-weir, the whole near-outer bank flow deviated toward the flume centerline. This created scour hole and ridge. A change in flow pattern was observed when the angle of the W-weir was increased. By increasing the inflow Froude number, the maximum scour depth increased. 
Effect of the Height of W-Weir on the Scour Volume
For each angle between the inner arms of W-weir (124°, 86°, 64°, and 50°), three heights of the weir in different inflow Froude numbers were tested. The results showed that the smallest scour hole was created for the angle of inner arms of W-weir 64° (Figure 3) . The volume scour of W-weir at different heights of weir for the test with θ = 64° is plotted in Figure 4 . Visual observations (color injection) indicated that with increasing with inner angle of W-weir, the whole near-outer bank flow deviated toward the flume centerline. This created scour hole and ridge. A change in flow pattern was observed when the angle of the W-weir was increased. By increasing the inflow Froude number, the maximum scour depth increased. 
For each angle between the inner arms of W-weir (124°, 86°, 64°, and 50°), three heights of the weir in different inflow Froude numbers were tested. The results showed that the smallest scour hole was created for the angle of inner arms of W-weir 64° (Figure 3) . The volume scour of W-weir at different heights of weir for the test with θ = 64° is plotted in Figure 4 . The results showed that the W-weir changed the pattern of sediment transport downstream of the bend. Observations showed that by decreasing the height of W-weir, the size of scour decreased. The scour volume in the presence of W-weir at the lowest height caused the minimum scour depth with θ = 64°. The approach flow was accelerated at the crest of the weir. The upstream-oriented sloping crests, and the non-uniform approach flow both contribute to the generation of vortices downstream of the structure. Downstream of the weir, a large recirculation zone developed and vortices could be clearly observed. This causes turbulence with flow interactions in all directions where deep and partially separated scour holes are formed [3] .
Like other grade control structures the W-weir caused mixing of the flow. It appears that the scour hole is almost completely located toward the center of the flume and the ridge also develops toward the center of the flume. According to Bhuiyan et al. [16] , over the inclined section of the two upstream oriented arms of the W-weir, the flow was directed towards the centerline of the flume. Flow over the inclined sections of the downstream-oriented crest of the weir in the flume forced the flow towards the center of the flume. The scour depth downstream of the weir decreased as the inflow Froude number decreased from 0.178 to 0.107. The percent reduction of the volume scour at Run 10 and Run 6 was calculated to be 59% and 78%, respectively. As illustrated in Figure 4 , the minimum scour volume occurred at low structure height and low Fr. When the discharge is increased, the turbulence generation is increased due to shearing and interaction of the flow. The results were consistent with the results of previous studies [16, 17, 20] .
Scour Morphologies and Maximum Scour Depth
Weir construction creates obstruction to flow and dissipates energy, changing local flow conditions and in turn affecting solute transport locally and potentially downstream. The present experiments also showed that the minimum scour hole was created for the angle between the inner arms of W-weir 64°. Results of the study indicated that two scour holes were created downstream when a W-weir was installed with θ = 64°. The location of longitudinal profiles was measured in y/W = 0.25 (left side) and y/W = 0.75 (right side), where y is the coordinate in the y direction and W is the channel width. Figures 5-7 compare longitudinal profile in y/W = 0.25 (left side) and y/W = 0.75 (right side) downstream of weir for three inflow Froude numbers for θ = 64°. Finally, the maximum scour depth was measured from initial bed level near the structure. As the weir was located in the flume, maximum transport occurred over the left-hand side. This is close to the observation of Bhuiyan et al. [16] , with the weir at bankfull flow in the sinuous channel [16] . The maximum scour depth corresponds to longitudinal profiles at the y/W = 0.25, left-hand side of the flume, where the high-velocity core was associated with the lowest on the weir. The shallower scour depth corresponds to the scour hole on the right-hand side, where mean velocities were significantly lower. The results showed that the W-weir changed the pattern of sediment transport downstream of the bend. Observations showed that by decreasing the height of W-weir, the size of scour decreased. The scour volume in the presence of W-weir at the lowest height caused the minimum scour depth with θ = 64 • . The approach flow was accelerated at the crest of the weir. The upstream-oriented sloping crests, and the non-uniform approach flow both contribute to the generation of vortices downstream of the structure. Downstream of the weir, a large recirculation zone developed and vortices could be clearly observed. This causes turbulence with flow interactions in all directions where deep and partially separated scour holes are formed [3] .
Weir construction creates obstruction to flow and dissipates energy, changing local flow conditions and in turn affecting solute transport locally and potentially downstream. The present experiments also showed that the minimum scour hole was created for the angle between the inner arms of W-weir 64 • . Results of the study indicated that two scour holes were created downstream when a W-weir was installed with θ = 64 • . The location of longitudinal profiles was measured in y/W = 0.25 (left side) and y/W = 0.75 (right side), where y is the coordinate in the y direction and W is the channel width. Figures 5-7 compare longitudinal profile in y/W = 0.25 (left side) and y/W = 0.75 (right side) downstream of weir for three inflow Froude numbers for θ = 64 • . Finally, the maximum scour depth was measured from initial bed level near the structure. As the weir was located in the flume, maximum transport occurred over the left-hand side. This is close to the observation of Bhuiyan et al. [16] , with the weir at bankfull flow in the sinuous channel [16] . The maximum scour depth corresponds to longitudinal profiles at the y/W = 0.25, left-hand side of the flume, where the high-velocity core was associated with the lowest on the weir. The shallower scour depth corresponds to the scour hole on the right-hand side, where mean velocities were significantly lower.
As shown in Figure 5 , with decreasing inflow Froude number from 0.178 to 0.142, in Run 34 to Run 22 the maximum scour depth in left and right sides decreased 29.1% and 12.2%, respectively; and with decreasing inflow Froude number from 0.178 to 0.107, the maximum scour depth in left and right sides decreased 108% and 72.3% percent, respectively. By increasing the inflow Froude number, the maximum scour depth increased.
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As shown in Figure 5 , with decreasing inflow Froude number from 0.178 to 0.142, in Run 34 to Run 22 the maximum scour depth in left and right sides decreased 29.1% and 12.2%, respectively; and with decreasing inflow Froude number from 0.178 to 0.107, the maximum scour depth in left and right sides decreased 108% and 72.3% percent, respectively. By increasing the inflow Froude number, the maximum scour depth increased. Figure 7 . Generally, through comparison of topography it is specified that the intensity of erosion downstream for the angle of 64° and Ho/h = 0.5 was less than in other cases. The water level rose and hydrostatic pressure increased on the left side (toward the outer bend) of the flume due to the centrifugal force. On the other hand, the water level fell in an inner bend that caused secondary flow where scour holes were formed in the outer bend. This procedure was observed in the presence of the W-weir as well, and W-weir installation reduced the effect of this force. This is close to the observed maximum scour with the grade control (cross vane) in a laboratory study by Kurdistani and Pagliara [23] . Figure 7 . Generally, through comparison of topography it is specified that the intensity of erosion downstream for the angle of 64 • and H o /h = 0.5 was less than in other cases. The water level rose and hydrostatic pressure increased on the left side (toward the outer bend) of the flume due to the centrifugal force. On the other hand, the water level fell in an inner bend that caused secondary flow where scour holes were formed in the outer bend. This procedure was observed in the presence of the W-weir as well, and W-weir installation reduced the effect of this force. This is close to the observed maximum scour with the grade control (cross vane) in a laboratory study by Kurdistani and Pagliara [23] . 
Conclusions
Weirs are constructed to control flow and to modify flow characteristics for river restoration. A clear understanding of their effects on the flow by different layouts of the structure is necessary to guide their design to attain the desired results. In this experimental study, the effect of variations in the height of W-weir (H o h ⁄ ) and the angle between the inner arms of W-weir (θ) on scour-deposition patterns are presented. Based on the test observations and data analysis, the following main conclusions are drawn:
 By installing a W-weir, flow over the inclined sections of the downstream-oriented crest of the weir in the flume forced the flow towards the center of the flume. A W-weir can be installed in a river bend for bank protection.  By installing a W-weir, local scour increased and the bed upstream did not change appreciably. No significant deposition of sediment occurred upstream of the structure. Downstream of the weir, two types of scour morphologies (type B and type C) were formed. The weir with scour type C can be designed in the river with the case of an erodible bank, because one scour formed in the middle of the channel and the whole near-outer bank flow deviated toward the flume centerline.

The size of scour increased with increasing angle between the two inner arms (θ), the size of scour hole was minimum when the inner angle of arms was 64°. By increasing the inflow Froude number, the maximum scour depth increased. angles between inner arms. By increasing the inflow Froude number, the maximum scour depth increased.
The W-weir is a gently sloping structure that can be constructed with natural materials like boulders, logs, rock, etc. The choice should be made on environmental and economic grounds, as well as engineering needs. This weir could be installed to maintain the upstream water level and to control erosion/deposition in the river. 
Conclusions
Weirs are constructed to control flow and to modify flow characteristics for river restoration. A clear understanding of their effects on the flow by different layouts of the structure is necessary to guide their design to attain the desired results. In this experimental study, the effect of variations in the height of W-weir (H o /h) and the angle between the inner arms of W-weir (θ) on scour-deposition patterns are presented. Based on the test observations and data analysis, the following main conclusions are drawn:
• By installing a W-weir, flow over the inclined sections of the downstream-oriented crest of the weir in the flume forced the flow towards the center of the flume. A W-weir can be installed in a river bend for bank protection.
• By installing a W-weir, local scour increased and the bed upstream did not change appreciably. No significant deposition of sediment occurred upstream of the structure. Downstream of the weir, two types of scour morphologies (type B and type C) were formed. The weir with scour type C can be designed in the river with the case of an erodible bank, because one scour formed in the middle of the channel and the whole near-outer bank flow deviated toward the flume centerline.
•
The size of scour increased with increasing angle between the two inner arms (θ), the size of scour hole was minimum when the inner angle of arms was 64 • . By increasing the inflow Froude number, the maximum scour depth increased.
The size of scour hole in three heights of the weir (H o /h = 0.5, 1, 1.5) in different inflow Froude numbers was tested. The minimum scour depth occurred at H o /h = 0.5 for the tests with all angles between inner arms. By increasing the inflow Froude number, the maximum scour depth increased.
The W-weir is a gently sloping structure that can be constructed with natural materials like boulders, logs, rock, etc. The choice should be made on environmental and economic grounds, as well as engineering needs. This weir could be installed to maintain the upstream water level and to control erosion/deposition in the river.
